Polygalacturonase was produced from Aspergillus niger BC 23 which was isolated from spoiled Irvingia gabonensis fruit. The influence of carbon substrates on enzyme production showed that the medium containing sucrose produced a maximum enzyme yield of 38.5 U/mg protein after 72 h. Enzyme productivity in this medium was much higher than in the medium that contained only citrus pectin as the sole carbon source. Medium containing yeast extract as a nitrogen source caused the production of specific enzyme activity of 31.2 U/mg protein. Results on the effect of metal ions on enzyme activity showed that Ca 2+ gave a percent relative activity of 214% in comparison to the native enzyme activity. The enzyme showed maximum activity in slight acid and neutral pH media with optimal activity at pH 4.0. Temperature activity profile of the enzyme showed best activity at temperature of 35 °C. Dried fruit peels were tested for their abilities to support enzyme production in a media devoid of citrus pectin. The best enzyme productivity of 102.3 U/mg protein was achieved after 72 h in the medium containing orange peel and this level was much higher than that achieved when pure carbon sources or citrus pectin alone were used for enzyme production.
Pectin, one of the major components of plant cell wall occurs primarily in the non-woody parts of plants which are parts that are likely to be consumed. It also contributes to the firmness and structure of plant tissue [1] . Microbial pectinases have been reported to account for 25% of the global food enzyme sales and majority of these are from fungal sources [2] . Pectin exists in varying amounts in fruit cell walls and has important nutritional and technological properties. Waste management is a major problem faced by agrobased industries in developing countries and the disposal of agricultural wastes in the environment is common and has been of serious ecological hazard.
Pectinolytic enzymes are a group of enzymes involved solely in the degradation of pectic substances [3] . They are classified based on the substrates they hydrolyse, their mechanism of action and type of cleavage. Polygalacturonase (PG) is one of the classes of pectinolytic enzymes. PG hydrolyses the polygalacturonic acid chain and is the most abundant among all the pectinolytic enzymes. Pectinolytic enzymes are of significant importance in the current biotechnological area with their all-embracing applications in fruit juice extraction and Correspondence: O. Nwokoro, Industrial Microbiology and Biotechnology Laboratory, Department of Microbiology, University of Nigeria, Nsukka, Nigeria. E-mail: ogbonnaya.nwokoro@unn.edu.ng Paper received: 27 March, 2015 Paper accepted: 5 February, 2016 clarification, scouring cotton, degumming of plant fibers, waste water treatment, vegetable oil extraction, tea and coffee fermentations, bleaching of paper, in poultry feed additives and in the alcoholic beverages and food industries.
Many microorganisms have been implicated in the production of PG. Different genera of bacteria, yeasts and fungi have been used for the production of PG [4] . However, Erwinia, Bacillus, Saccharomyces, Kluveromyces, Aspergillus, Penicillium, Fusarium and Rhizopus have been the genera most frequently reported while Aspergillus, Penicillium and Erwinia are mainly used for enzyme production studies [5] . Substrates that have been used include agro industrial based materials like orange peels, wheat bran, banana peels and so many other substrates. Also nutrients such as carbon sources, nitrogen sources and minerals are used in different concentrations and percentages to maximize enzyme production.
Pure carbon sources are very expensive for commercial production of these enzymes. These expensive nutrient sources can be replaced in the medium with economically available agricultural by-products and wastes. Several pectin-rich substrates such as wheat bran [6] , de seeded sun flower head [7] , apple pomace [8] , citrus peel [9] have been used for the production of microbial pectinases. Enormous quantities of agro-industrial waste residues are generated throughout the world from processing raw agricultural materials for food production. These wastes and their disposal have become an environmental concern especially when they are discarded in the open environment. The agricultural residues contain various carbohydrate polymers and various nutrients which can be utilized by microorganisms for the production of important metabolites and enzymes. The use of agro-industrial waste is a low cost technology for the recycling of the nutrients contained in the wastes.
Irvingia gabonesis is a genus of African and Asian tree in the family Invingiaceae. It is an economically important tree sometimes known by common names such as wild mango, African mango, bush mango, ugiri or ogbono. Irvingia gabonosis is called bush mango or African mango because the tree bears mango like fruit. The aim of this work is to identify polygalacturonase producer from microbial contaminated fruit and to use the isolated fungus for PG production by cultivation in submerged conditions of different media.
MATERIALS AND METHODS

Isolation of fungi
Fruit from I. gabonensis (African mango) undergoing spoilage was obtained near the tree and taken immediately into the laboratory for microbiological analysis. Spoiled sections (ca. 20 g) were removed with a sterile kitchen knife and homogenized in a mortar and pestle with 15 mL of sterile distilled water. The pH of the homogenate was measured and recorded as 5.6. The homogenate was serially diluted with normal saline and plated out onto potato dextrose agar (PDA) plates containing 0.1% chloramphenicol solution to inhibit bacterial contaminants. The plates were incubated for 48 h at room temperature (28±2 °C). Pure cultures of the isolates were obtained by streaking slant cultures on fresh PDA plates and were given arbitrary numbers. The cultures were each tested for pectinase activities by inoculating on plates containing agar and 5% citrus pectin. The plates were incubated for 48 h after which the zone diameter of clearing on each plate was measured with a ruler. One fungal colony with code number BC23 which produced a maximum zone of clearance of 6mm on citrus pectin agar plate was selected and identified as Aspergillus niger based on the taxonomic descriptions by Pitt and Hocking [10] .
Preparation of fruit peels
Orange, cucumber, pineapple, banana, papaya and mango fruits used in this study were purchased from Nsukka market and were washed with clean tap water. Fresh, ripe fruit peels were used and when not used immediately, they were stored at 4 °C and used within 24 h of collection. About 200 g of each fruit peel was separately minced into pieces and oven dried at 55 °C until a constant weight was achieved [11] . They were ground into powder using a Corona mill (Medellin, Colombia).
Cultivation of the isolate and enzyme production
The basal medium designated medium M was prepared in conical flasks and contained: 1% citrus pectin, 0.01% FeSO 4 ⋅7H 2 O, 0.6% K 2 HPO 4 , 0.2% KH 2 PO 4 and 0.5% (NH 4 ) 2 SO 4 . The medium pH was adjusted to 5.6 prior to autoclaving and it was supplemented with 1% each of the following carbon sources: sucrose, lactose, galactose, arabinose, raffinose, glucose, mannitol, sorbitol, maltose and soluble starch. The following nitrogen sources (0.5%) were each added into medium M in place of (NH 4 ) 2 SO 4 : sodium nitrate, potassium nitrate, urea, yeast extract, peptone, tryptone and Lab-Lemco powder. The fruit peels (1%) were each added into medium M devoid of citrus pectin. The flasks were autoclaved at 121 °C for 15 min and inoculated with 2×10 6 spores/mL of the isolate. Each flask was incubated at room temperature (30 °C) for 72 h after which the content of the flasks was centrifuged at 2515g for 10 min. The supernatant was designated as crude enzyme.
Enzyme assay. Enzyme solution (1mL) in test tube was incubated with 2 mL of potassium phosphate buffer (pH 5.6) containing 1 mL of 1% citrus pectin at 30±2 °C for 60 min. The amount of galacturonic acid formed was determined by a modification of the 3,5-dinitrosalicylic acid (DNS) method of Miller [12] . Enzyme activity was defined as the amount of enzyme that released 1 µg galacturonic acid per min under the assay condition.
Partial purification of the enzyme
The crude enzyme was dialyzed overnight against 0.2 M potassium phosphate buffer (pH 5.6). Ammonium sulphate was added to the crude enzyme extract to 45% saturation, incubated for 10 h with gentle mixing. The solution was centrifuged at 2515g for 15 min. and the supernatant was subjected to further stepwise precipitation with ammonium sulphate to 65% saturation followed by centrifugation.
Effect of metal ions on enzyme production
The metal ions (0.01%) were each added into medium M in place of FeSO 4 ⋅7H 2 O. The media were incubated for 24 h in a Gallenkamp orbital incubator followed by centrifugation at 2515g for 10 min. The supernatant was assayed for enzyme activity.
The effect of pH on enzyme activity
The effect of pH on activity of the polygalacturonase was determined by using buffer solutions of different pH (citric acid-sodium citrate buffer, pH 2.0-4.0 and potassium phosphate buffer, pH 5.0-8.0) for enz-yme assay. The pH activity profile of the enzyme was determined by incubating 1 mL of the enzyme contained in test tubes with 1 mL of 1% citrus pectin prepared in 2 mL of buffers of different pH values (2.0-8.0) at 40 °C for 1 h. The reaction was stopped by the addition of 2 mL of DNS reagent and enzyme activities were determined.
The effect of temperature on enzyme activity
The effect of temperature on enzyme activity was studied by incubating 1mL of the enzyme solution contained in test tube and 1 mL of 1% citrus pectin solution prepared in 2 mL of 0.2 M potassium phosphate buffer (pH 5.6) for 2 h at various temperatures (20, 25, 30, 35, 40, 45 , 50, 55 and 60 °C) in a thermo static water bath (Kottermann, Bremen, Germany). The reaction was stopped by the addition of 2 mL DNS reagent and the enzyme activities were determined.
Analysis
Protein content was estimated by the method of Lowry et al. [13] using bovine serum albumin (Sigma--Aldrich) as a standard. Reducing sugar concentrations were determined by a modification of the DNS method of Miller [12] . Briefly, DNS (10 g) was dissolved in 200 mL of 0.2 M NaOH. Potassium sodium tartrate (300 g) was dissolved in 800 mL of distilled water. The two solutions were mixed and stored in an air tight dark bottle. Aliquot sample (2 mL) of this reagent was added to tubes containing 1 mL of 1% citrus pectin solution and to distilled water blanks. The tubes were placed in boiling water bath for 10 min and cooled to room temperature. Enzyme activities of the solutions were determined at 540 nm using a Spectrum Lab 23A spectrophotometer. The readings were used to draw a standard curve for micrograms D-galacturonic acid equivalents per mL against absorbance.
RESULTS AND DISCUSSION
Twenty-eight fungal strains isolated from African mango fruit were screened for polygalacturonase production and some conditions for enzyme production were studied. The screening method used here was aimed at selecting the best pectinolytic producing strain by measuring the zone diameter produced on agar medium containing 5% citrus pectin. A. niger BC23 was selected for PG production because it produced the highest zone diameter of 6 mm on citrus pectin agar medium after 48 h incubation. Results in Table 1 show the influence of pure carbon sources on PG production.
The pure carbon sources were each incorporated into the growth media at 1% concentration in media containing citrus pectin. A control medium containing only citrus pectin without pure carbon sources was separately prepared. The maximum enzyme production in the control medium was 7.4 U/mg protein after 72 h. Substitution of a variety of pure carbon sources showed that the highest enzyme activity was produced when the fungus was grown in a medium containing sucrose (38.5 U/mg protein) after 72 h. The lowest enzyme activity (2.2 U/mg protein) was produced when glucose was used in the growth medium (Table 1) . Pectinolytic enzyme production has been reported as carbon source dependent [1] . It is generally agreed that the optimum medium for the enhanced production of extracellular pectinase is that containing pectin materials as an inducer [14] . Most of the sugars tested in the present investigation increased the specific productivities of PG in comparison to the use of pectin alone as the sole carbon source. Polizeli et al. [15] reported that PG production from Neurospora crassa was induced 4-fold using galactose as compared to pectin. Similar results have been reported in which a readily utilizable carbon source like fructose, when used in conjunction with pectin or polygalacturonic acid resulted in enhanced enzyme production [16, 17] . In this present study, we observed that the addition of glucose did not cause significant influence on PG production. Solis-Pereyra et al. [18] also observed that increasing the initial glucose concentration resulted in the repression of pectinase production by A. niger. Similar findings were reported in which glucose caused repression of PG synthesis [19, 20] . The authors suggested that glucose acted as a catabolic repressor for PG synthesis and such features were confirmed by Blandino et al. [6] , who suggested that there were catabolic repression of PG in the presence of glucose.
Various nitrogen sources supplemented with citrus pectin were tested for PG production by A. niger BC 23. All the media produced varying amounts of enzyme activities ( Table 2 ). In general, the best enzyme activity was produced when organic nitrogen substrates were used for the enzyme production. Enzyme activity was the highest (31.2 U/mg protein) in the medium containing yeast extract as the sole nitrogen source after 72 h incubation. Comparatively, inorganic nitrogen sources generally caused lower PG production by the fungus with urea producing specific enzyme activity of 14.9 U/mg protein after 72 h cultivation. Yeast extract and peptone have been reported to stimulate maximum pectinase production from Kluyveromyces lactis NRRL 1137 [21] . These results are in agreement with findings that reported that a combination of yeast extract and pectin to be good substrate for pectinase production [22] .
The effects of various metal ions on enzyme activity were investigated (Table 3 ). The metal ions studied here seemed to have beneficial effect on PG synthesis, but enzyme activity was strongly inhibited by the addition of Hg 2+ (% relative activity was 33). The highest activity was obtained with Ca 2+ (% relative activity was 214). The presence of other metal ions such as magnesium, manganese, cobalt, copper and iron in the culture medium strongly improved PG activity (Table 3) . Ouattara et al. [23] reported that of all the cations tested, iron displayed the most inducible capacity, increasing about three-fold the yield of PG production as compared to the native control. The effect of various salts showed that the addition of either CaCl 2 or MgSO 4 ⋅7H 2 O to medium resulted in significant increases in pectinase production [22] [25] . Mg 2+ and Zn 2+ stimulated pectinase activity by 115 and 138% respectively as compared to native enzyme activity [26] . Kelly and Fogarty [27] The dependence of enzymatic activity of the isolated enzyme on pH is shown in Fig. 1 . The production of PG by A. niger BC 23 was tested by adjusting the pH of the media between pH 2.0-8.0. The enzyme was active in acid and neutral pH media, exhibiting optimal activity at pH 4.0. Most PGs are produced by fungi and fungal PGs are more active in acidic or neutral media [28] . Some of the fungal PGs described in literature have maximum activity at pH range of 4.0-5.0 [2] . Optimal PG production was observed at pH 4.1 and lower values were obtained at pH 6.5 [29] . PG produced from Pencillium sp E9C5 presented optimum activity at pH 4.5-5.0 [14] . The PG from Mucur flavus was optimally active between pH 3.5 and 5.5 but at pH 2.6, the activity dropped almost to zero [30] . The enzyme was optimally active at the temperature of 35 °C at which it retained 100% activity (Fig.  2) . Temperature kinetics of the enzyme suggested that the enzyme activity rose readily up to 35 °C and thereafter it sharply declined. Fungal PGs frequently show optimal activity at temperatures between 40 and 60 °C [28] . Purified PG showed maximal activity between 55 and 60 °C [24] . Malvessi and Silvira [31] reported that temperatures between 35-40 °C were ideal for the activity of PG produced by Aspergillus oryzae in submerged conditions. The optimum temperature for PG production was 65 °C by Rhizopus microspores var rhizopodiformis [32] . Mohammed et al. [33] reported a Trichoderma harzianurm PG with optimum temperature at 40 °C. The optimum temperature of PG from Bacillus sp. [34] and Trichoderma reesei [35] were around 40 and 50 °C respectively. The PG from Mucor flavus was optimally active at 45 °C and showed 90% of its optimal activity between 35 and 50 °C [30] . The results of enzyme production in media containing fruit peels as carbon substrates are shown in Table 3 . Maximum enzyme production of 102.3 U/mg protein was produced in medium containing orange peel after 72 h incubation (Table 4) . Comparatively, it can be seen from this result that fruit peels stimulated the best overall enzyme yield, better than pure carbon substrates. This is evident from the fact that fresh agricultural peels contain vitamins, carbohydrates and minerals which are necessary for microbial growth and activity. Several agro-industrial wastes and by-products such as orange bagasse, orange peels, sugar cane bagasse, wheat bran and other food processing wastes have been used as substrates for pectinase production [36, 37] . Similar findings have been reported in literature in which agricultural peels caused improved pectinase production [38] . Fonseca and Said [39] compared the production of PG using orange pulp and pectin as inducers of the enzyme and observed that the orange pulp was more efficient for enzyme production than pectin. Enzyme productivity from this study was higher than that reported for PGs from some other sources. Freixo et al. [40] reported that the culture of Coriolus [32] obtained the best PG yield of 57.7 U/mg protein when 1% lemon peel was used as the sole carbon source and this enzyme yield was much higher than the use of pure carbon substrates such as sucrose, trehalose, raffinose, galactose, arabinose, glucose for enzyme production. The use of waste agricultural peels for PG production with Aspergillus niger BC23 would represent an economic alternative for enzyme production over pure carbon sources and also contribute to decrease in concerns about agricultural waste accumulation in the environment.
CONCLUSIONS
This work reports the production of polygalacturonase from A. niger BC 23. Enzyme was produced using a variety of carbon substrates in a medium containing citrus pectin as an inducer. The best enzyme activity of 38.5 U/mg protein was achieved after 72 h with sucrose as the carbon source. The use of sole nitrogen sources showed that yeast extract caused the production of maximum enzyme level of 31.2 U/mg protein. Metal ions were tested for their abilities to support enzyme production and the best metal ion was Ca 2+ which caused the production of 214% relative activity in comparison to the native enzyme activity. The enzyme showed maximum activity at pH 4.0. Temperature activity profile of the enzyme showed best activity at a temperature of 35 °C. Dried fruit peels were used for enzyme production in media devoid of citrus pectin. Overall best enzyme productivity of 102.3 U/mg protein was achieved after 72 h in the medium containing orange peel. The results from this finding showed that fruit peels can be used for large scale production of PG with this fungus considering the enzyme yields achieved.
